Biomolecules 2012, 2 46-75; doi:10.3390/biom2010046 



OPEN ACCESS 



biomolecules 

ISSN 2218-273X 

www.mdpi.com/journal/biomolecules/ 

Review 

Factor H: A Complement Regulator in Health and Disease, 
and a Mediator of Cellular Interactions 

Anne Kopp, Mario Hebecker, Eliska Svobodova, Mihaly Jozsi * 

Junior Research Group Cellular Immunobiology, Leibniz Institute for Natural Product Research and 
Infection Biology, Jena 07745, Germany; E-Mails: anne.braunschweig@hki-jena.de (A.K.); 
mario.hebecker@hki-jena.de (M.H.); eliska.svobodova@hki-jena.de (E.S.) 

* Author to whom correspondence should be addressed; E-Mail: mihaly.jozsi@gmx.net; 
Tel.: -1-49-3641-5321720; Fax: -1-49-3641-5320815. 

Received: 21 December 2011; in revised form: 23 January 2012 / Accepted: 26 January 2012 / 
Published: 7 February 2012 



Abstract: Complement is an essential part of innate immunity as it participates in host 
defense against infections, disposal of cellular debris and apoptotic cells, inflammatory 
processes and modulation of adaptive immune responses. Several soluble and membrane- 
bound regulators protect the host from the potentially deleterious effects of uncontrolled 
and misdirected complement activation. Factor H is a major soluble regulator of the 
alternative complement pathway, but it can also bind to host cells and tissues, protecting 
them from complement attack. Interactions of factor H with various endogenous ligands, 
such as pentraxins, extracellular matrix proteins and DNA are important in limiting local 
complement-mediated inflammation. Impaired regulatory as well as ligand and cell 
recognition functions of factor H, caused by mutations or autoantibodies, are associated 
with the kidney diseases: atypical hemolytic uremic syndrome and dense deposit disease 
and the eye disorder: age-related macular degeneration. In addition, factor H binds to 
receptors on host cells and is involved in adhesion, phagocytosis and modulation of cell 
activation. In this review we discuss current concepts on the physiological and 
pathophysiological roles of factor H in light of new data and recent developments in our 
understanding of the versatile roles of factor H as an inhibitor of complement activation 
and inflammation, as well as a mediator of cellular interactions. A detailed knowledge of 
the functions of factor H in health and disease is expected to unravel novel therapeutic 
intervention possibilities and to facilitate the development or improvement of therapies. 
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1. Introduction: The Complement System 

Innate immunity is a first-line defense system, essential for the protection of the host against 
invading pathogens, acting immediately after infection and without previous antigen contact [1]. The 
innate immune system comprises several cellular and humoral components and utilizes germ-line 
encoded receptors for the recognition of microorganisms. A major humoral component of innate 
immunity is the complement system, which was established early in evolution and is present in 
invertebrates lacking an adaptive immune system. Originally identified as a serum component that 
'complements' the antibody response towards pathogens, it is now known as a system of more than 
forty proteins. These proteins form a complex network of various recognition, effector, regulatory and 
receptor molecules that act in a finely tuned fashion, allowing complement to safely exert its 
functions [2]. It is well acknowledged that the functions of the complement system go far beyond the 
elimination of invading microbes. In addition to protecting the host from infections by destroying 
pathogens and promoting their elimination, complement has important roles in maintaining the 
integrity of the body by discriminating between healthy and injured tissue, in participating in the 
disposal of immune complexes, apoptotic/necrotic cells and cellular debris, as well as in inflammatory 
processes, angiogenesis and tissue regeneration. Moreover, complement is involved in the induction 
and regulation of both innate and adaptive cellular immune responses [3,4]. 

Complement can be activated via three major pathways that merge at the central component C3 
(Figure 1). The classical pathway is initiated by Clq binding to immune complexes, pentraxins or 
other targets such as apoptotic cells, the lectin pathway by binding of mannan-binding lectin (MBL) to 
repetitive carbohydrate residues, or by binding of ficolins to carbohydrate or acetylated groups on 
target surfaces, and the alternative pathway is spontaneously autoactivated by the hydrolysis of the 
internal thioester group of C3. Activation of the three pathways leads to the generation of the 
classical/lectin pathway C3 convertase (C4b2b) and the alternative pathway C3 convertase (C3bBb). 
These enzymes cleave C3, resulting in the two main fragments C3a, a potent inflammatory mediator, 
and C3b, an opsonin that deposits on the surface of target cells and particles and promotes phagocytosis. 
C3b can also form additional C3 convertases and in this way amplify complement activation. 
Furthermore, when C3b binds to an already existing C3 convertase, the new complex is termed a C5 
convertase as it gains the ability to cleave C5 and thus to activate the terminal complement pathway. 
This potentially leads to inflammation (via C5a generation) and target cell lysis through the formation 
of membrane pores by the C5b-9 membrane attack complex. Whereas these activation processes are 
strongly favored on microbial surfaces, they are potentially destructive to host cells. To prevent host 
tissue damage, the activation of the complement system is strictly regulated by membrane-bound and 
plasma regulatory molecules. Since the alternative pathway is constitutively activated at a background 
level and is also activated secondary to classical/lectin pathway activation (through the 'amplification 
loop'), its regulation is particularly important. Factor H is a major plasma regulator acting in the 
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alternative complement pathway at the level of the central C3b component, facilitating C3b 
inactivation and the dissociation of the C3/C5 convertases and thus blocking further activation of the 
complement cascade (Figure 1). 



Figure 1. Complement activation pathways and the regulatory role of factor H. 
Complement activation is initiated by the recognition molecules of the classical (Clq) and 
lectin (MBL, ficolins) pathways or by the hydrolysis of the C3 thioester bond (alternative 
pathway). All three activation cascades lead to the assembly of C3 convertase enzymes that 
cleave the central C3 molecule into C3a and C3b. C3b deposits to nearby surfaces and, if 
not inactivated, it forms additional C3 convertases (amplification loop). The binding of 
C3b to an existing C3 convertase results in a C5 convertase that cleaves C5 into C5a, a 
potent anaphylatoxin, and C5b. C5b binds to surfaces and by binding C6, C7, C8 and 
several C9 molecules a terminal membrane attack complex is formed that allows target cell 
lysis. The system is controlled by several fluid phase and membrane -bound regulators that 
act at various steps of the activation cascade. Factor H is the major fluid-phase regulator of 
the alternative pathway, as it prevents the formation of the C3 and C5 convertases, 
facilitates the disassembly of already formed convertases and acts as a cofactor for the 
inactivation (enzymatic cleavage) of C3b. 



Classical pathway Lectin pathway 

Clq MBL, ficolins 



Alternative pathway 
C3 




C4b2b 



C3 ^ 



C3bBb 



(03 convertase) 



[inflammation, chemotaxiSjj 
cell activation ^Ktk 



/I 



(03 convertase) 

j amplification 
opsonization /oop 




\ 



factor H 



04b2b03b 03bBb03b 
(05 convertase) (05 convertase) 



\ / 



inflammation, chemotaxis, 
cell activation 



05 

/I 

05b 

1 



05b-9 cell lysis 

(membrane attack complex) 



Biomolecules 2012, 2 



49 



Disturbances in this complex system caused by complement gene mutations, autoantibodies or 
exogenous triggers may tip the balance between complement activation and inhibition, resulting in an 
attack on self tissue [4,5]. Complement deficiencies and malfunctions in the complement system are 
associated with various infectious, inflammatory and (auto)immune diseases. Factor H gene mutations 
and polymorphisms, as well as anti-factor H autoantibodies, are associated with several diseases that 
are characterized by complement dysregulation, e.g., the eye disorder age-related macular degeneration 
(AMD) and the rare kidney diseases atypical hemolytic uremic syndrome (aHUS) and dense deposit 
disease (DDD) [6-8]. Significant progress has been made in recent years in clarifying the roles of 
factor H and complement in these pathological conditions. Novel ligands and functions of factor H 
have been identified. Beside its role as a complement regulator, factor H has been shown to mediate 
cellular interactions by binding to receptors on various cells. A detailed description of the physiological 
and pathophysiological roles of factor H and its intricate interactions with other plasma and cell 
membrane molecules are necessary for our understanding of the underlying pathomechanisms of 
inflammatory, autoimmune and infectious diseases where factor H is implicated. This could lead to 
improved diagnostics and to the development of more effective treatments for affected patients. 

This review summarizes the current concepts of the roles of factor H in health and disease and 
discusses open questions for future research. 

2. The Complement Regulator Factor H: Structure and Function 

Factor H is the main soluble regulator of the alternative complement pathway [9,10]. The factor H 
gene (CFH) is located on chromosome lq32 in the regulators of complement activation (RCA) gene 
cluster, adjacent to the five genes that code for the factor H-related proteins (CFHRs). Factor H is 
constitutively expressed in the liver and is distributed systemically in body fluids. Reported factor H 
plasma concentrations vary, depending on the study population, age, genetic and environmental factors, 
as well as on the method used for quantification [11-14]. Of note, previous studies overestimated 
factor H concentration: a result of measuring both factor H and factor H-related proteins. While early 
reports suggested that the plasma factor H concentration ranges 265-684 ng/mL [11] and 
116-562 |.ig/mL [12], current studies using monoclonal antibodies have established mean factor H 
concentrations of 233 |ag/mL (in young adults), 269 |.ig/mL (in elderly individuals) [13], and 
263 |ig/mL [14], in different control populations. Thus, normal factor H concentrations in human 
plasma correspond to approximately 1-2 |jM. In addition, factor H is produced extrahepatically by 
different cell types such as monocytes [15], fibroblasts [16], endothelial cells [17], keratinocytes [18], 
platelets [19] and retinal pigment epithelial cells [20]. Locally released factor H in tissues may help to 
limit complement activation and maintain an anti -inflammatory environment. 

Factor H is a single-chain, 150-kDa plasma glycoprotein composed of 20 domains. These are 
termed short consensus repeats (SCRs) or complement control protein modules (CCPs). Each of these 
autonomously folding globular domains is composed of approximately 60 amino acids and is stabilized 
by two internal disulfide-bonds [21]. Factor H regulates complement activation by (i) inhibiting the 
assembly of the alternative pathway C3 and C5 convertase enzymes via competition with factor B for 
C3b binding; (ii) facilitating the disassembly of the convertases by displacing bound factor Bb ('decay 
accelerating activity'); and (iii) acting as a cofactor for the serine protease factor I in the cleavage and 



Biomolecules 2012, 2 



50 



inactivation of C3b ('cofactor activity') [22-24]. These regulatory activities are mediated by the four 
N-terminal domains SCRs 1-4 [25,26], while the C-terminal domains SCRs 19-20 are responsible for 
target recognition (Figure 2) [27,28]. One of the important targets for factor H binding in the vicinity 
of C3b on host cells are polyanionic surface molecules, such as glycosaminoglycans and sialic acid, 
which increase the affinity of factor H for C3b [29,30]. Thus, in addition to its regulatory activities in 
the fluid phase, factor H is also able to control complement activation on self-surfaces (Figure 2) [31-33]. 
In contrast, host-like polyanionic molecules are normally not present on the surface of pathogens, 
rendering them susceptible to complement attack. 

Figure 2. The schematic structure of factor H. (a) Factor H is composed of 20 short 
consensus repeat (SCR) domains. Two major functional regions are located at the N- and 
C-termini of the molecule. SCRs 1-4 mediate the complement regulatory activities of 
factor H; (b) The SCRs 19-20 allow the attachment of factor H to host cells so that it can 
also inhibit complement activation directly at the cell surface. 
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In addition to C3b and polyanionic molecules (such as surface glycosaminoglycans), factor H 
interacts with further endogenous ligands (Table 1), including the pentraxins C-reactive protein (CRP) 
and pentraxin 3 (PTX3), the extracellular matrix (ECM) proteins fibromodulin, osteoadherin and 
chondroadherin, prion protein, adrenomeduUin, DNA, annexin-II and histones. These interactions 
allow factor H to inhibit complement on certain host surfaces (such as the glomerular basement 
membrane, the extracellular matrix, and late apoptotic cells), that are otherwise not properly protected 
due to a reduced expression or the lack of membrane-anchored complement regulators (i.e., membrane 
cofactor protein, decay accelerating factor and CD59). Several of these ligands and structures activate 
complement via interactions with Clq, MBL or ficolins. The simultaneous binding of both complement 
activating molecules (i.e., Clq, MBL) and complement inhibiting molecules (i.e., factor H, 
C4b-binding protein) on such ligands and cells may facilitate their opsonization and safe removal, but 
at the same time prevents an exaggerated complement activation which could lead to inflammation, 
cell lysis and subsequent tissue damage [34]. Factor H also binds to nonhost ligands, such as certain 
surface proteins of microbes, which hijack host factor H in order to protect themselves from 
complement attack (see section 6.1.), (reviewed e.g., in [35]). Furthermore, factor H can bind to 
receptors on host cells and mediate functions unrelated to its regulatory activity in the complement 
system (see section 7). 



Biomolecules 2012, 2 51 



Table 1. Factor H ligands, binding sites and potential relevance of the interactions. 
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3. Factor H Interactions with Host Ligands 



3.1. Factor H Interaction with C3b 

The central complement protein C3b is the main host ligand of factor H. The C3b-factor H 
interaction is of particular importance for the pivotal functions of factor H, namely complement 
regulation and host surface recognition. In factor H, four binding sites were reported for C3b and its 
fragments, each with a different binding preference, affinity and functional relevance [36-38]. These 
binding sites are located in the SCR domains 1-4, 6-8, 12-14 and 19-20. Solid evidence supports the 
two major C3b binding sites in SCRs 1-4 and 19-20, whereas evidence for additional binding sites 
remains inconclusive. 

The N-terminal SCRs 1-4 mediate factor H binding to intact C3b, SCRs 12-14 to the C3c part of 
C3b (i.e., binds both C3b and the C3c fragment), and SCRs 19-20 to the C3d part of C3b {i.e., binds 
both C3b and the C3d fragment) [37]. Surface plasmon resonance analyses indicate that the main 
binding sites are in SCRs 1-4 and SCRs 19-20, with the latter having the higher affinity [38], whereas 
additional domains may contribute to C3b binding. The crystal structure of the complex of C3b and 
factor H SCRs 1-4 showed that all four N-terminal domains of factor H are involved in this 
interaction [54], and that these domains are necessary and sufficient for both cof actor and decay 
accelerating activities [25,54]. 
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Self-nonself discrimination by factor H is mediated by SCRs 19-20 that bind to surface-bound 
C3b/C3d and host surface glycosaminoglycans or sialic acids [28,38]. Recent structural data provided 
insights into this host recognition mechanism. SCR19 contains a main C3d (and C3b) binding site, 
whereas glycosaminoglycan binding is mediated by SCR20 [55,56]. Thus, the deposited C3b and the 
surface glycosaminoglycans (the latter lacking on microbes) together allow factor H SCRs 19-20 the 
recognition of host cells. Furthermore, the data of Kajander et al. raises the possibility that in addition 
to host polyanionic molecules, factor H is recruited by previously deposited and degraded C3b 
{i.e., C3d) via the SCR20 domain [55]. 

3.2. Factor H Attachment to Host Cells: An Important Role in Self-Nonself Discrimination by Complement 

In addition to membrane-bound regulators, host cells require soluble complement inhibitors, 
particularly factor H, which provide effective protection from unwanted complement-mediated 
damage, especially under conditions with strong complement activation. This is exemplified by the 
attachment of factor H to endothelial cells via cell surface glycosaminoglycans and C3b, as discussed 
above, which is impaired in aHUS and is associated with endothelial damage and acute renal 
failure [32,33,55,56]. Also, factor H can bind to cell surface polyanionic molecules in the absence of 
C3b, although this binding is weak and not readily detectable in physiological buffers [32]. Notably, 
this interaction is distinct from the binding to specific cellular receptors (see section 7). 

Host cells, so-called nonactivators of complement, possess cell surface polyanionic molecules that 
allow for factor H binding [29]. In contrast, complement activators such as microbes or rabbit 
erythrocytes that lack sialic acids and host-like glycosaminoglycans do not allow significant factor H 
binding and thus complement activation can proceed unchecked. Heparin is generally used in studies 
as a model of host glycosaminoglycans, and the major heparin binding sites were located in SCRs 7 
and 19-20, and a possible third site in SCR13 for which evidence remains inconclusive [38,57-59]. 
Polymorphisms or mutations in SCRs 7 and 19-20 may affect interactions of factor H with host cells and 
basement membranes, and are implicated in the diseases AMD and aHUS (as discussed in section 5). 

3.3. Factor H Binding to Apoptotic and Necrotic Cells 

To maintain tissue homeostasis, old and damaged cells must be removed and replaced by new ones. 
This is facilitated by apoptosis, a programmed mechanism of cell death, which involves changes such 
as nuclear and cellular fragmentation, chromatin condensation and cell shrinkage. Changes in the cell 
membranes facilitate an efficient recognition and safe clearance of apoptotic cells by phagocytes. 
Complement proteins (e.g., Clq and MBL) and pentraxins (CRP, PTX3) can bind to apoptotic cells 
and thereby enhance their uptake by phagocytes via specific receptors (i.e., complement and Fey 
receptors) [60]. Moreover, pentraxins can enhance the binding of Clq, which may further increase the 
deposition of complement-derived opsonins. However, this could potentially lead to the activation of 
the terminal pathway. Gershov et al. showed that complement activation does not proceed to the 
terminal pathway on apoptotic cells, which is partly due to the binding of factor H [44]. The expression 
of membrane-bound complement regulators is down-regulated on apoptotic cells, which would 
increase the susceptibility of these cells to complement-mediated lysis. The loss of membrane-bound 
regulators on apoptotic cells is in part compensated by the acquisition of the soluble complement 
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regulators factor H and C4b-binding protein, protecting against complement attack which would 
otherwise lead to the release of potential autoantigens from the cells [45]. The factor H binding site for 
apoptotic/necrotic cells is located within SCRs 6-20, which is outside the complement regulatory 
region. Thus surface-bound factor H is able to regulate complement activation. This binding is in part 
mediated by annexin-II, DNA and histones, which become exposed on the surface of apoptotic 
cells [46]. In addition, factor H may be recruited by monomeric CRP, and this interaction further 
facilitates the removal of apoptotic cells in a non-inflammatory way [41]. Notably, native pentameric 
CRP does not enhance the binding of factor H to apoptotic or necrotic cells [41,45]. 

3.4. Factor H Interactions with Pentraxins 

Pentraxins are recognition molecules of the innate immune system [61]. The classical short 
pentraxins CRP and serum amyloid P component circulate as pentamers in human plasma. The long 
pentraxins, including PTX3, PTX4 and neuronal pentraxins, display a more complex structure. The 
functions of pentraxins in innate immune defense and beyond are reviewed elsewhere [61,62]; here, 
we focus on their interaction with factor H. 

C-reactive protein. Human CRP is an acute-phase protein, whose synthesis by hepatocytes is 
up-regulated in response to inflammatory stimuli. Its plasma concentration can increase dramatically 
from below 1 |ag/mL to more than 500 |ug/mL following the initiation of an acute phase reaction [63]. 
The main effector functions of CRP are the activation of the complement system and the stimulation of 
phagocytosis [64]. CRP activates the classical and lectin complement pathways by binding Clq and 
ficolins and thus can lead to an enhanced opsonization of target surfaces and cells [65,66]. CRP can be 
recognized directly by Fey receptors on leukocytes, thereby activating phagocytosis [67]. Thus, CRP 
and complement can collaborate and have synergistic functions, for example in the removal of 
apoptotic cells and particles [44,60]. However, there are contradictory reports regarding CRP interactions 
and functions that are in part explained by different conformations of the used CRP [63]. CRP 
circulates in plasma as a pentamer, whose conformation is stabilized by calcium ions. In vitro CRP 
immobilization on surfaces, such as microtiter plates used for ELISA or chips used for surface 
plasmon resonance studies, or the use of inappropriate buffer conditions (e.g., low calcium content), 
may cause denaturation or aggregation of the protein, leading to artefacts or results with no physiological 
relevance [42,68]. On the other hand, it cannot be excluded that under certain conditions, for instance 
the lower pH of inflammatory sites, or by binding of the native pentamer to certain ligands and 
surfaces, conformational changes may occur leading to the exposure of novel epitopes or to the 
dissociation into the monomeric form, termed mCRP [69-71]. These considerations are relevant for 
assessing the in vivo significance of the interaction of factor H with CRP. 

A direct binding of factor H to CRP was described [40,72], suggesting regulation of CRP -mediated 
complement activation on self surfaces. As we and others have shown, factor H mainly interacts 
with the monomeric or denatured form of CRP [41,68,73,74], although an interaction of factor H 
with native pentrameric CRP at acute phase concentrations was also demonstrated by analytical 
ultracentrifugation [42]. Thus, it is unlikely that under normal conditions CRP would interact with 
factor H to a significant extent. However, under infection/inflammatory conditions (e.g., during the 
acute phase response or at sites of tissue damage and local inflammation), CRP can bind factor H and 
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locally focus its complement inhibitory activity. The interaction of factor H with mCRP leads to factor 
H recruitment, which limits complement activation but increases phagocytosis of apoptotic cells and 
reduces the release of inflammatory cytokines by macrophages [41]. Such regulation is reduced by the 
common factor H variant 402H, which shows a reduced binding to mCRP on self surfaces [71]. 

Pentraxin 3. Aside from the short pentraxin CRP, factor H was also shown to bind to the long 
pentraxin PTX3 [43]. PTX3 has a pentraxin domain, homologous to that of the short pentraxins CRP 
and serum amyloid P, and has an additional unique N-terminal domain. In contrast to the short 
pentraxins that are mainly produced in the Uver and thus act systemically in the body, PTX3 is produced 
locally by various cell tj^es, such as vascular endothelial cells, fibroblasts, monocytes, macrophages, 
myeloid dendritic cells and neutrophil granulocytes [61,62]. PTX3 expression is increased upon 
inflammatory stimuli and exposure to pathogens, leading to significantly elevated PTX3 plasma levels 
(200-800 ng/mL, compared with approximately 2 ng/mL in normal plasma) [62]. PTX3 can activate 
the classical and lectin complement pathways by binding to Clq, MBL, M-ficolin and L-ficolin [75-78]. 
In addition to these complement-activating molecules, PTX3 binds the complement regulators factor H 
and C4b-binding protein [43,79]. The binding of factor H to PTX3 requires the presence of calcium 
and is mediated by at least two binding sites in factor H. The primary binding site located within SCRs 
19-20 of factor H interacts with the N-terminal domain of PTX3, whereas a secondary binding site on 
SCR 7 binds to the C-terminal pentraxin domain [43]. PTX3 recruits both factor H and C4b-binding 
protein to the surface of apoptotic cells, which prevents excessive complement activation and cell 
lysis [43,79]. We also found that ECM-bound PTX3 increases the recruitment of factor H and 
C4b-binding protein, resulting in enhanced local complement regulation [79,80]. According to 
preliminary data, certain factor H mutations in SCR20 and aHUS-associated autoantibodies impair the 
binding of factor H to PTX3 and this may result in a reduced local complement inhibition [81]. 

In summary, these in vitro studies suggest that factor H binding to pentraxins is important to limit 
complement activation and inflammation locally. However, further studies are warranted to determine 
the relevance of factor H-pentraxin interactions in vivo. 

3.5. Factor H Binding to Extracellular Matrix (ECM) 

Extracellular matrices are important components of the extracellular space, providing a scaffold for 
residing cells, mechanically supporting cellular movements and binding various biomolecules derived 
from body fluids or nearby cells. ECM components may be exposed to complement during pathological 
processes, such as injury to the endothelium or to the cartilage in the joints. Since the ECM can 
activate complement, e.g., via the binding of Clq to certain ECM components, a proper regulation is 
important to prevent inflammation [34]. Because ECMs lack the membrane-bound complement 
regulators that normally protect host cells, attachment of fluid phase regulators to ECM is considered 
important. It was shown that the ECM proteins fibromodulin, chondroadherin and osteoadherin can bind 
both Clq and the regulators factor H and C4b-binding protein, which maintains a balance between 
complement activation and inhibition [34,47,49]. Exaggerated complement activation in turn may lead 
to inflammatory disease. 
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We have recently analyzed complement activation and the roles of factor H and C4b-binding 
protein on endothelial cell-derived ECM in vitro. ECM-bound factor H and C4b-binding protein acted 
as cofactors for the inactivation of C3b and C4b, respectively. Furthermore, their binding and thus 
cofactor activity were enhanced by PTX3 [79,80]. The possibility that factor H may play a role in the 
regulation of local inflammation at the ECM in vivo is supported by reports showing factor H binding 
to the Bruch's membrane in the retina [82] and an association of factor H with aortic ECM [83]. 

4. Redundant and Non-Redundant Functions among Factor H Family Proteins 

The factor H protein family includes factor H, factor H-like protein 1 (CFHLl) and five factor 
H-related proteins (CFHRs). All these proteins are composed of different numbers of SCR domains, 
each exhibiting varying degrees of sequence similarity and displaying diverse, but also overlapping, 
biological functions (reviewed in [8]). 

CFHLl is a 43-kDa protein that derives from an alternative splice product of the CFH gene. It 
shares the seven N-terminal SCRs with factor H and has four additional amino acids. Due to the broad 
sequence overlapping, CFHLl possesses the same complement regulatory activities mediated by the 
N-terminus of factor H. CFHLl may also play a role in age-related macular degeneration as the SCR7 
harbors the Y402H polymorphism. Consequently, the CFHLl 402H variant has impaired ligand- 
binding capacity, similar to that exhibited by the factor H 402H variant [71,84]. However, an 
expression pattern differing from factor H and a distinct role in mediating cell adhesion have been 
reported for CFHLl [85,86]. 

The five factor H-related proteins are derived from separate genes (CFHRl to CFHRS) which are 
located adjacent to the CFH gene. CFHR proteins lack the complement regulatory activities of factor 
H, but some of them have weak cofactor or decay accelerating activity, or modulate the complement 
regulatory activity of factor H [8]. These proteins have both redundant and nonredundant ligands and 
functions with factor H. CFHRl, CFHR3, CFHR4 and CFHRS were shown to bind to C3b, CFHRl, 
CFHR3 and CFHRS to heparin, and CFHR4 and CFHRS to CRP. In spite of similar cell and ligand 
binding properties, however, CFHRl was reported to regulate the terminal complement pathway [87]. 
In addition, we showed that both factor H and CFHRl enhance neutrophil adhesion and activation 
during host cell-pathogen contact [88]. Similar to factor H, CFHR4 binds to late apoptotic and necrotic 
cells, but in contrast to factor H, CFHR4 binds to the native pentameric form of CRP [68]. Even 
though a comprehensive knowledge of CFHR functions is lacking, the available data indicate that 
CFHR proteins may be relevant in regulating local inflammatory processes and could modulate the 
functions of factor H, e.g. through competition [8]. 

5. Factor H-Associated Diseases 

Complement regulatory defects due to factor H mutations or anti-factor H autoantibodies have been 
described in certain pathological conditions, and CFH polymorphisms have also been associated with 
disease. Here, we briefly review the three diseases where the role of factor H has been best studied. 
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5.1. Age-Related Macular Degeneration 

AMD is a leading cause of visual impairment in elderly, western populations. In recent years, 
complement gene mutations and polymorphisms have been found to be associated with AMD, pointing 
to a role of the complement system in the pathogenesis of the disease [89]. Although the underlying 
pathomechanism is not yet fully known, a role of complement-mediated inflammation in the eye is 
postulated. Correspondingly, several therapeutic compounds targeting the complement system are 
currently evaluated in clinical trials [89]. 

The common factor H polymorphism 402H has been identified as a major genetic risk factor for 
developing AMD [90-93]. In addition, a protective CFH haplotype associated with the deletion of 
the CFHRl and CFHR3 genes in AMD has been described [94]. Functional analyses of the factor H 
402Y and 402H variants revealed a reduced binding of the AMD-associated 402H variant to 
mCRP [48,71,84,95-98]. Since residue 402 in SCR7 is involved in the glycosaminoglycan-binding site 
of factor H, there are also subtle differences between the variants in their interaction with heparin and 
glycosaminoglycan-analogs [97,99,100]. In contrast, the 402H variant has a higher affinity for DNA 
and necrotic cells compared to the 402Y variant [48]. No difference in binding to retinal pigment 
epithelial cells was found [98], but the disease-associated variant binds less efficiently to both the 
extracellular matrix protein fibromodulin [48] and the Bruch's membrane in the retina [82]. In 
addition, malondialdehyde, a lipid peroxidation product has been described as a novel ligand of factor 
H on apoptotic/necrotic cells, and shown to bind the 402H variant less strongly, thus adversely 
affecting the anti-inflammatory role of factor H [50]. Very recently, the rare factor H variant R1210C, 
previously described in aHUS patients, has been linked to AMD [101]. This variant was shown to 
affect factor H interactions with C3b and cell surfaces [102]. Altogether, these data suggest a factor 
H-associated defect in the proper, non-inflammatory handling of cellular waste and in the control of 
complement activation and inflammation locally at the surfaces of the Bruch's membrane and 
damaged retinal pigment epithelial cells. It is still unknown how these factor H defective functions 
cause or contribute to the late-onset disease AMD in affected individuals, and which other factors (genetic, 
environmental, life-style) influence the role of factor H. Recent data indicate that common 
polymorphisms in factor H, C3 and factor B act collaboratively in determining complement activity 
and the risk to disease [103]. 

A further functional impairment of the 402H variant is a reduced binding to streptococcal M6 
protein [96,98]. Functional studies showed a decreased binding of the 402H factor H variant to 
Streptococcus pyogenes, resulting in increased C3b deposition and phagocytosis [104]. A genetic 
association study suggested that the 402H variant is protective against streptococcal tonsillitis [105]. 
These results are highly interesting and indicate that the 402H variant has been established in the 
human population due to selection pressure by pathogenic microbes. 

A study investigating the prevalence of anti-factor H autoantibodies in AMD showed that it is 
decreased in the patient group compared with age-matched controls. Analysis of the antibody binding 
sites demonstrated recognition of several parts of factor H, including both the N- and C-terminal 
domains of the molecule, a pattern different from that seen in atypical hemolytic uremic syndrome (see 
below) [106]. Therefore, it is unlikely that autoantibodies to factor H have pathological significance in 
this disease. 
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5.2. Atypical Hemolytic Uremic Syndrome 

The rare kidney disease aHUS is characterized by hemolytic anemia, low platelet count and 
impaired renal function [107]. Its pathomechanism is related to dysregulation of the alternative 
complement pathway, caused by polymorphisms, mutations and deletions in complement genes, or due 
to factor H autoantibodies (reviewed in [108]). 

Factor H mutations affect approximately 30% of aHUS patients. More than 100 factor H mutations have 
been described in aHUS patients and can be searched in an online database (http://www.fh-hus.org) [109]. 
In most cases, these are heterozygous mutations affecting various domains of factor H. However, most 
of the mutations affect the C-terminal SCRs 19-20. Functional analyses of several of these mutants 
showed an altered interaction with C3b, heparin and endothelial cells [102,110,111]. Furthermore, 
gene conversion and gene deletions leading to hybrid factor H proteins with functionally affected 
C-terminal domains have been reported [112-114]. These data show a disturbance in the physiologic 
interaction of factor H with host endothelial cells. Recent structural studies have provided new insights 
into how these mutations impair the function of factor H in host-nonhost discrimination [55,56]. Certain 
mutations in SCR20 were also found to reduce the binding of factor H to CRP [41] and, according to 
our preliminary data, to PTX3 [81]. For many mutations, however, there is no functional effect known 
to date. 

Anti-factor H IgG autoantibodies are detected in approximately 10% of aHUS patients [115,116]. 
This form of aHUS affects mainly children and young patients. As a result of its autoimmune nature, it 
requires a therapy that addresses the elimination or suppression of the autoantibody producing cells. A 
further characteristic of this patient group is that 90% of the affected individuals lack the CFHRl gene, 
indicating that this genetic defect predisposes to the development of factor H autoantibodies [116-119]. 
These autoantibodies can also occur together with mutations in the CFH, CFI, C3 or MCP genes [119]. 
We and others have determined the antibody binding sites in several patients using recombinant factor 
H fragments and found that the autoantibodies mainly bind to SCRs 19-20 of factor H, although in 
some cases reactivity with other domains, such as SCRs 8-11, was also observed [116,119,120]. In 
three patients anti-factor H IgA autoantibodies were found that similarly recognized SCRs 19-20 [121]. 
Our functional studies indicated that the autoantibodies interfere with the recognition functions of 
factor H, namely, impairing its interaction with surface-bound C3b and inhibiting the factor H 
complement regulatory activity on host surfaces [120-122]. This reduced protection from 
complement-mediated damage is likely to be involved in the endothelial injury associated with aHUS. 
Due to the similar C-terminal SCRs of factor H and CFHRl, most of the studied autoantibodies 
recognize both host complement regulators. CFHRl in fact can hijack autoantibodies and rescue host 
cells when added to anti-factor H autoantibody-positive plasma [121]. 

Altogether, these genetic and acquired abnormalities affecting factor H allow a normal fluid-phase 
regulation, but result in an impaired cell binding and cell surface protection from complement attack, 
which apparently contribute to the endothelial damage and microvascular thrombus formation in 
aHUS. However, further studies are needed to understand the role and relevance of mutations affecting 
other domains of factor H in aHUS. A recent study showed that some of the mutations do not lead to 
any known functional effect on factor H, thus care should be taken when interpreting genetic data and 
advising patients [123]. 
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5.3. Dense Deposit Disease 

Dense deposit disease (DDD), also tenned membranoproliferative glomerulonephritis type II, is a 
rare renal disease that progresses to end-stage renal failure in about 50% of patients. It is a disease 
associated with uncontrolled alternative pathway activation in plasma that generates C3 activation 
fragments depositing in the glomeruli [124]. In the majority of patients, autoantibodies against the C3 
convertase (C3 nephritic factor) can be detected that stabilize the convertase and thus cause enhanced 
complement activation. In some cases, factor H mutations have been identified in these patients 
[6,125]. These mutations may lead to factor H deficiency and thus an insufficient plasma complement 
control [126]. Mutations in cysteine residues that are important for forming the disulfide bonds within 
the single SCR domains can result in a defective protein folding and a factor H secretion defect [127]. 
In one report, a C431Y exchange was described that caused aggregation of factor H and likely resulted 
in a reduced protein half-life [128]. Moreover, a mutation in SCR4 was described, where the mutant 
factor H protein was inefficient in its cofactor activity, while cell-binding functions remained 
unaffected [129]. All these cases led to a defective C3 activation control in plasma, either due to a 
quantitative factor H deficiency or dysfunctional factor H. 

Anti-factor H autoantibodies have also been described in DDD. So far, only one case has been 
published where the autoantibody was characterized in detail. The isolated factor H 'mini-autoantibody' 
consisted of lambda light-chain dimers that bound to SCR3 of factor H, i.e., within the complement 
regulatory region of the molecule. Functional assays demonstrated that the autoantibody inhibited the 
factor H-C3b interaction and caused an increased C3 turnover due to a blockade of the complement 
inhibitory activity of factor H [130,131]. Due to the lack of systematic screening for such 
autoantibodies in DDD patients, at present the prevalence and the characteristics of DDD-associated 
anti-factor H autoantibodies are not known. 

6. Misuse of Factor H by Pathogens and Tumor Cells 

Besides its physiologic interactions with host cells and ligands, the binding of factor H to several 
pathogenic and non-pathogenic microbes was demonstrated as a process believed to help 
microorganisms in complement evasion. In other words, these microbes hijack factor H to camouflage 
themselves as host-like cells and thus are protected from complement attack. Furthermore, certain 
tumor cells can also exploit factor H to increase their protection from the complement system. 

6.1. Factor H Binding to Pathogens 

Since complement plays an important role in protection against infections, it is not surprising that 
numerous viruses, bacteria, fungi and parasites have acquired the ability to sequester host complement 
regulators such as factor H. A detailed discussion of these mechanisms is beyond the scope of this 
review and there are excellent overviews of this topic throughout the literature (e.g., [35]). As a 
common theme, it appears that many of the microbial factor H binding proteins interact with the 
positively charged surfaces on SCRs 7 and 19-20, i.e., the factor H domains relevant for host cell 
recognition, although for example the factor H binding protein (fHbp) of Neisseria meningitidis binds 
to SCR6 [132]. Interestingly, recent studies indicate that the factor H 402H polymorphism may relate 
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to a better resistance from certain bacterial infections. Haapasalo et al. showed that the AMD-associated 
factor H 402H variant has a lower binding affinity to various streptococci compared to the 402Y 
variant, resulting in a more efficient opsonization and phagocytosis [104,105]. These data point to a 
pathogen-driven establishment of this common polymorphism in the human population, with 
evolutionary advantage against bacterial infection at the expense of late-age adverse effect in 
developing AMD. This example raises the possibility that other factor H polymorphisms have 
similarly spread in the human population because of the evolutionary race between humans and their 
pathogens. 

While sequestration of host factor H is described for many pathogens, a biologically relevant role 
under physiological settings has rarely been demonstrated [105]. Both pathogenic and non-pathogenic 
microbes can bind factor H, thus it does not necessarily play a decisive role in microbial immune 
escape. However, microbes may use factor H for other purposes than complement inhibition, such as 
mediating entry into host cells (discussed below, see section 7). 

6.2. Factor H and Tumor Cells 

Tumor cells have various means to escape from the control of the immune system. Protection from 
the attack of the complement system is part of this immune evasion repertoire [133]. In addition to 
modulating the expression of membrane-anchored complement regulatory proteins and degrading 
complement components, tumor cells may also use factor H for efficient protection [134]. Several 
tumor cells were reported to express and release increased amounts of factor H, thus reducing 
complement activity in their microenvironment [135-138]. The increased factor H expression may 
even be used as a diagnostic marker for certain cancers [139,140]. Furthermore, in certain cancers the 
increased expression of the factor H binding proteins: bone sialoprotein, osteopontin and dentin matrix 
protein- 1 may confer enhanced protection from complement [141]. In addition, anti-factor H 
autoantibodies have been described in non-small cell lung cancer [142]; it is not yet known, however, 
whether this is due to an increased production of factor H and if and how these autoantibodies differ 
from those described in aHUS and DDD. These data clearly indicate that tumor cells can exploit factor 
H to their advantage. Therefore, a targeted inhibition of factor H overexpression by these cells may 
enhance their sensitivity to complement-mediated lysis. 

7. Factor H in Cellular Interactions: Beyond Its Role as a Complement Regulator 

When bound to the surface of host cells via C3b/C3d and polyanionic molecules, the major task of 
factor H is to control complement activation. However, factor H can also bind to cell surface receptors 
and modulate cell activation and cellular functions. To date, studies mainly focused on factor H 
interactions with soluble (plasma) ligands and their role in complement regulation, but there is a lack 
of detailed information on factor H interactions with host cell receptors. However, there is support for 
such non-canonical roles {i.e., beyond its complement regulatory function) of factor H. 

Early studies have shown that factor H binds to human B lymphocytes and stimulates a calcium- 
dependent factor I release from these cells [143], and that factor H also stimulates murine B cells and 
triggers blastogenesis [144]. Tsokos et al. demonstrated that factor H blocks the differentiation, but not 
the proliferation, of B cells [145]. Attempts to identify the B cell factor H receptor resulted in the 
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description of a putative receptor consisting of tliree subunits (each of ca. 50 kDa) [146] and in a 
140-kDa single polypeptide chain protein [147]. However, the nature of these receptors at the 
molecular level remains unresolved. 

Factor H binds to human neutrophil granulocytes via complement receptor type 3 (CR3; CDl lb/CD18, 
aMp2 integrin, Mac-1) [148,149]. Factor H was shown to support neutrophil adherence and to enhance 
the release of reactive oxygen species in primed neutrophils [149]. Recently, we characterized the 
interaction of factor H with neutrophils in the context of host-pathogen interaction [88]. Factor H, when 
bound on the human-pathogenic yeast Candida albicans, served as a bridging molecule to enhance the 
adherence and antimicrobial activity of neutrophils. We confirmed CR3 as the major neutrophil factor 
H receptor, but the data also indicated that CR4 likely binds factor H. Although the latter is expected to 
play only a minor role in the case of neutrophils, because of low CR4 expression, it might be relevant 
on other cells, such as macrophages and dendritic cells which express significant amounts of CR4. In 
addition, we have identified the factor H SCR7 and SCRs 19-20 domains as major binding sites for 
CR3. The two factor H family proteins CFHLl and CFHRl also bound to CR3 and supported 
neutrophil adhesion [88]. In parallel, other groups have reported that binding of factor H facilitates the 
entry of pathogens into host cells. The factor H-CR3 interaction could enhance Streptococcus 
pneumoniae adherence and uptake by epithelial cells and neutrophils [150]. Similarly, factor H 
facilitated the adherence of Neisseria gonorrhoeae to human CR3-transfected cells [151]. These data 
indicate a role for factor H in cellular adhesion by interacting with CR3, even beyond pathogen-host 
cell interactions. For example, factor H was shown to bind to heparan sulfate proteoglycans in 
amyloid- p plaques and to colocalize with CR3, suggesting that factor H may facilitate the recognition 
of amyloid-P plaques by microglia in the Alzheimer's disease brain [152]. 

Factor H was shown to stimulate the respiratory burst [153] and to induce the secretion of IL-ip in 
monocytes [154]. Thrombin-cleaved factor H was described as a monocyte chemotactic factor in a 
delayed-type hypersensitivity model [155]. A monocyte chemotactic effect of factor H was also 
demonstrated by Nabil et al. [156]. Furthermore, factor H was shown to induce the release of 
prostaglandin E and thromboxane from guinea pig peritoneal macrophages [157]. In these studies, 
however, no specific factor H receptor was identified. Since these cells express CR3, it is likely that at 
least some of the observed effects are mediated via factor H binding to CR3. A recent study and our 
unpublished data also show that CR3 is a factor H receptor on monocytes [158,159]. 

Furthermore, the binding of factor H to L-selectin was reported, and immobilized factor H (but not 
soluble factor H) induced TNFa release from leukocytes [160]. 

Finally, factor H binds to resting platelets and this binding is increased when platelets become 
activated [161]. Factor H binds to platelets both through thrombospondin and directly via the platelet 
integrin allbp3 [162]. 

Altogether these data attest to potential non-canonical roles of factor H in mediating cellular 
functions and interactions. These functions and interactions are likely to be important under local 
inflammatory conditions, such as the regulation of neutrophil adherence and migration, and in the 
activation of macrophages and dendritic cells. In addition, the interaction of factor H with B cells 
indicates a potential direct modulatory role in adaptive immunity. However, our present knowledge of 
factor H cellular functions is very limited. Further studies using highly purified and recombinant factor 
H are needed either to confirm and extend or disprove these observations. In order to better understand 
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the roles of factor H in health and disease, a comprehensive characterization of factor H-host cell 
interactions and an assessment of their biological relevance are necessary. It is possible, for example, 
that known polymorphisms or mutations influence these cellular functions of factor H, providing new 
insights into the pathomechanisms of factor H-associated disease and revealing novel therapeutic 
intervention points. 

8. Conclusions 

More than 45 years after its initial discovery, factor H still has many secrets to reveal. The last 
decade has brought with it a wealth of new information on factor H structure and function, and its 
pivotal role in host-nonhost discrimination is now well appreciated. We have started to understand how 
CFH variants and autoantibodies are involved in diseases such as AMD, aHUS and DDD. In addition, 
factor H may play an important role in other common diseases such as asthma [163]. A therapeutic use 
of factor H in such conditions needs to be evaluated in future studies, which could be facilitated by the 
recently described recombinant production of biologically active factor H protein [164,165]. In 
addition to its role as a main regulator of the complement alternative pathway, recent studies show a 
role for factor H in modulating classical pathway activation by competing with Clq for binding to the 
same ligands such as phospholipids or Escherichia coli [166]. Here again factor H appears as a 
downregulator of inflammatory responses. Importantly, factor H is not only a complement regulator, 
but also a direct modulator of cellular functions by binding to receptors. In this role factor H influences 
cellular adhesion, phagocytosis and antimicrobial activities [88,158]. These aspects of factor H 
functions warrant further attention as it is likely that they are relevant for innate resistance against 
infections, the handling of apoptotic cells and debris, modulation of adaptive immunity and cellular 
interactions with the ECM (potentially including tumor cells). 

Further efforts to identify and characterize factor H ligands, cellular activities and its roles in 
diseases will bring us closer to a better understanding of the versatile roles played by factor H in both 
health and disease (Figure 3), with the hope of applying this knowledge for the benefit of all. 
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Figure 3. Overview of main factor H functions and their implication in pathological 
conditions. Factor H is a major soluble complement regulator that inhibits activation of the 
alternative complement pathway in body fluids. In addition, factor H is also able to control 
complement activation on self-surfaces and thereby protects host cells and tissues from 
complement attack. Factor H binds to host cells and basement membranes via interactions 
with glycosaminoglycans and deposited C3b. The binding of factor H to apoptotic cells 
and extracellular matrices is in part mediated by the pentraxins CRP and PTX3, and is of 
particular importance as these structures and cells are otherwise not well protected from 
complement. Furthermore, factor H interacts with host cells via specific receptors and thus 
modulates cellular functions, including adhesion and phagocytosis. Impaired functions of 
factor H are associated with several diseases such as DDD, aHUS and AMD. Mutations in 
the CFH gene (examples of affected domains are shown in red) or autoantibodies directed 
against factor H ("mini-autoantibody" in DDD and anti-factor H IgG in aHUS are shown in 
red) cause defective complement regulation and ligand recognition leading to improperly 
controlled inflammation and tissue damage. On the other hand, the regulatory functions of 
factor H are abused by several pathogens and tumor cells in order to protect themselves from 
complement attack and thus to evade the host immune response. 

Physiology Pathophysiology 




Biomolecules 2012, 2 



63 



Conflict of Interest 

The authors declare no conflict of interest. 
Acknowledgments 

We thank Josephine Losse for her contribution to the functional analyses of factor H and factor 
H-related proteins in neutrophil activation, Stefanie Strobel and Harald Seeberger for their work on 
anti-factor H autoantibodies, and Seana Duggan for proofreading the manuscript. We are also grateful 
to all our collaborators. The work of the authors was supported in part by the German Research 
Foundation {Deutsche Forschungsgemeinschaft) JO 144/1-1. A.K. was supported in part by the Jena 
School for Microbial Communication, a graduate school of the University of Jena. Due to the large 
scientific literature on factor H, it was not possible to cite every relevant article in this review. We 
apologize to the authors whose important contributions were not cited due to space limitations and the 
focus of this review. 

References 

1. Medzhitov, R. Recognition of microorganisms and activation of the immune response. Nature 
2007, 449, 819-826. 

2. Walport, M.J. Complement. First of two parts. A^. Engl. J. Med. 2001, 344, 1058-1066. 

3. Walport, M.J. Complement. Second of two parts. A^. Engl. J. Med. 2001, 344, 1 140-1 144. 

4. Ricklin, D.; Hajishengallis, G.; Yang, K.; Lambris, J.D. Complement: A key system for immune 
surveillance and homeostasis. Nat. Immunol. 2010, 11, 785-797. 

5. Meri, S. Loss of self-control in the complement system and innate autoreactivity. Ann. NY Acad. 
Sci. 2007, 1109, 93-105. 

6. Rodriguez de Cordoba, S.; Goicoechea de Jorge, E. Translational mini -review series on 
complement factor H: Genetics and disease associations of human complement factor H. Clin. 
Exp. Immunol. 2008, 151, 1-13. 

7. Boon, C.J.; van de Kar, N.C.; Klevering, B.J.; Keunen, J.E.; Cremers, F.P.; Klaver, C.C.; 
Hoyng, C.B.; Daha, M.R.; den Hollander, A.I. The spectrum of phenotypes caused by variants in 
the CFH gene. Mol. Immunol. 2009, 46, 1573-1594. 

8. Jozsi, M.; Zipfel, P.F. Factor H family proteins and human diseases. Trends Immunol. 2008, 29, 
380-387. 

9. Nilsson, U.R.; Miiller-Eberhard, H.J. Isolation of beta IF-globulin from human serum and its 
characterization as the fifth component of complement. J. Exp. Med. 1965, 122, 277-298. 

10. Rodriguez de Cordoba, S.; Esparza-Gordillo, J.; Goicoechea de Jorge, E.; Lopez -Trascasa, M.; 
Sanchez-Corral, P. The human complement factor H: Functional roles, genetic variations and 
disease associations. Mol. Immunol. 2004, 41, 355-367. 

11. de Paula, P.F.; Barbosa, J.E.; Junior, P.R.; Ferriani, V.P.; Latorre, M.R.; Nudelman, V.; Isaac, L. 
Ontogeny of complement regulatory proteins - concentrations of factor H, factor I, C4b-binding 
protein, properdin and vitronectin in healthy children of different ages and in adults. Scand. J. 
Immunol. 2003, 58, 572-577. 



Biomolecules 2012, 2 



64 



12. Esparza-Gordillo, J.; Soria, J.M.; Buil, A.; Almasy, L.; Blangero, J.; Fontcuberta, J.; 
Rodriguez de Cordoba, S. Genetic and environmental factors influencing the human factor H 
plasma levels. Immunogenetics 2004, 56, ll-'&l. 

13. Hakobyan, S.; Harris, C.L.; Tortajada, A.; Goicochea de Jorge, E.; Garcia-Layana, A.; 
Femandez-Robredo, P.; Rodriguez de Cordoba, S.; Morgan, B.P. Measurement of factor H 
variants in plasma using variant-specific monoclonal antibodies: Application to assessing risk of 
age-related macular degeneration. Invest. Ophthalmol. Vis. Sci. 2008, 49, 1983-1990. 

14. Hakobyan, S.; Tortajada, A.; Harris, C.L.; Rodriguez de Cordoba, S.; Morgan, B.P. 
Variant-specific quantification of factor H in plasma identifies null alleles associated with 
atypical hemolytic uremic syndrome. Kidney Int. 2010, 78, 782-788. 

15. Whaley, K. Biosynthesis of the complement components and the regulatory proteins of the 
alternative complement pathway by human peripheral blood monocytes. /. Exp. Med. 1980, 151, 
501-516. 

16. Katz, Y.; Strunk, R.C. Synthesis and regulation of complement protein factor H in human skin 
fibroblasts. J. Immunol. 1988, 141, 559-563. 

17. Brooimans, R.A.; Van der Ark, A.A.; Buurman, W.A.; Van Es, L.A.; Daha, M.R. Differential 
regulation of complement factor H and C3 production in human umbilical vein endothelial cells 
by IFN-gamma and lL-1. J. Immunol. 1990, 144, 3835-3840. 

18. Timar, K.K.; Pasch, M.C.; van den Bosch, N.H.A.; Jarva, H.; Junnikkala, S.; Meri, S.; Bos, J.D.; 
Asghar, S.S. Human keratinocytes produce the complement inhibitor factor H: Synthesis is 
regulated by interferon-y. Mol. Immunol. 2006, 43, 317-325. 

19. Devine, D.V.; Rosse, W.F. Regulation of the activity of platelet-bound C3 convertase of the 
alternative pathway of complement by platelet factor H. Proc. Natl. Acad. Sci. USA 1987, 84, 
5873-5877. 

20. Chen, M.; Forrester, J.V.; Xu, H. Synthesis of complement factor H by retinal pigment epithelial 
cells is down-regulated by oxidized photoreceptor outer segments. Exp. Eye Res. 2007, 84, 635-645. 

21. Ripoche, J.; Day, A.J.; Harris, T.J.; Sim, R.B. The complete amino acid sequence of human 
complement factor H. Biochem. J. 1988, 249, 593-602. 

22. Weiler, J.M.; Daha, M.R.; Austen, K.F.; Fearon, D.T. Control of the amplification convertase of 
complement by the plasma protein betalH. Proc. Natl. Acad. Sci. USA 1976, 73, 3268-3272. 

23. Whaley, K.; Ruddy, S. Modulation of the alternative complement pathway by beta IH globulin. 
J. Exp. Med. 1976, 144, 1147-1163. 

24. Pangbum, M.K.; Schreiber, R.D.; Miiller-Eberhard, H.J. Human complement C3b inactivator: 
Isolation, characterization, and demonstration of an absolute requirement for the serum protein 
betalH for cleavage of C3b and C4b in solution. J. Exp. Med. 1977, 146, 257-270. 

25. Gordon, D.L.; Kaufman, R.M.; Blackmore, T.K.; Kwong, J.; Lublin, D.M. Identification of 
complement regulatory domains in human factor H. J. Immunol. 1995, 155, 348-356. 

26. Kiihn, S.; Skerka, C; Zipfel, P.F. Mapping of the complement regulatory domains in the human 
factor H-Uke protein 1 and in factor HI. /. Immunol. 1995, 155, 5663-5670. 

27. Pangbum, M.K. Cutting edge: Localization of the host recognition functions of complement 
factor H at the carboxyl-terminal: Implications for hemolytic uremic syndrome. J. Immunol. 
2002, 169, 4702-^706. 



Biomolecules 2012, 2 



65 



28. Oppemiann, M.; Manuelian, T.; Jozsi, M.; Brandt, E.; Jokiranta, T.S.; Heinen, S.; Meri, S.; 
Skerka, C; Gotze, O.; Zipfel, P.P. The C-terminus of complement regulator Pactor H mediates 
target recognition: Evidence for a compact conformation of the native protein. Clin. Exp. 
Immunol. 2006, 144, 342-352. 

29. Meri, S.; Pangbum, M.K. Discrimination between activators and nonactivators of the alternative 
pathway of complement: Regulation via a sialic acid/polyanion binding site on factor H. Proc. 
Natl. Acad. Sci. USA 1990, 87, 3982-3986. 

30. Pangbum, M.K. Host recognition and target differentiation by factor H, a regulator of the 
alternative pathway of complement. Immunopharmacology 2000, 49, 149-157. 

31. Ferreira, V.P.; Herbert, A.P.; Hocking, H.G.; Barlow, P.N.; Pangbum, M.K. Critical role of the 
C-terminal domains of factor H in regulating complement activation at cell surfaces. J. Immunol. 
2006,777,6308-6316. 

32. Jozsi, M.; Oppermann, M.; Lambris, J.D.; Zipfel, P.P. The C-terminus of complement factor H is 
essential for host cell protection. Mol. Immunol. 2007, 44, 2697-2706. 

33. Jozsi, M.; Manuelian, T.; Heinen, S.; Oppermann, M.; Zipfel, P.P. Attachment of the soluble 
complement regulator factor H to cell and tissue surfaces: Relevance for pathology. Histol. 
Histopathol. 2004, 19, 251-258. 

34. Sjoberg, A.P.; Trouw, L.A.; Blom, A.M. Complement activation and inhibition: A delicate 
balance. Trends Immunol. 2008, 30, 83-90. 

35. Lambris, J.D.; Ricklin, D.; Geisbrecht, B.V. Complement evasion by human pathogens. Nat. 
Rev. Microbiol. 2008, 6, 132-142. 

36. Sharma, A.K.; Pangbum, M.K. Identification of three physically and functionally distinct 
binding sites for C3b in human complement factor H by deletion mutagenesis. Proc. Natl. Acad. 
Sci. USA 1996, 93, 10996-11001. 

37. Jokiranta, T.S.; Hellwage, J.; Koistinen, V.; Zipfel, P.P.; Meri, S. Each of the three binding sites on 
complement factor H interacts with a distinct site on C3b. J. Biol. Chem. 2000, 275, 27657-27662. 

38. Schmidt, C.Q.; Herbert, A.P.; Kavanagh, D.; Gandy, C; Fenton, C.J.; Blaum, B.S.; Lyon, M.; 
Uhrin, D.; Barlow, P.N. A new map of glycosaminoglycan and C3b binding sites on factor H. 
/. Immunol. 2008, 181, 2610-2619. 

39. Jokiranta, T.S.; Cheng, Z.Z.; Seeberger, H.; Jozsi, M.; Heinen, S.; Noris, M.; Remuzzi, G.; 
Ormsby, R.; Gordon, D.L.; Meri, S.; et al. Binding of complement factor H to endothelial cells is 
mediated by the carboxy-terminal glycosaminoglycan binding site. Am. J. Pathol. 2005, 167, 
1173-1181. 

40. Jarva, H.; Jokiranta, T.S.; Hellwage, J.; Zipfel, P.P.; Meri, S. Regulation of complement 
activation by C-reactive protein: Targeting the complement inhibitory activity of factor H by an 
interaction with short consensus repeat domains 7 and 8-11.7. Immunol. 1999, 163, 3957-3962. 

41. Mihlan, M.; Stippa, S.; Jozsi, M.; Zipfel, P.P. Monomeric CRP contributes to complement 
control in fluid phase and on cellular surfaces and increases phagocytosis by recruiting factor H. 
Cell Death Differ. 2009, 16, 1630-1640. 

42. Okemefuna, A.L; Nan, R.; Miller, A.; Gor, J.; Perkins, S.J. Complement factor H binds at two 
independent sites to C-reactive protein in acute phase concentrations. J. Biol. Chem. 2010, 285, 
1053-1065. 



Biomolecules 2012, 2 



66 



43. Deban, L.; Jarva, H.; Lehtinen, M.J.; Bottazzi, B.; Bastone, A.; Doni, A.; Jokiranta, T.S.; 
Mantovani, A.; Meri, S. Binding of the long pentraxin PTX3 to factor H: Interacting domains 
and function in the regulation of complement activation. J. Immunol. 2008, 181, 8433-8440. 

44. Gershov, D.; Kim, S.; Brot, N.; Elkon, K.B. C-Reactive protein binds to apoptotic cells, 
protects the cells from assembly of the terminal complement components, and sustains an 
antiinflammatory innate inmiune response: Implications for systemic autoimmunity. /. Exp. Med. 
2000, 192, 1353-1364. 

45. Trouw, L.A.; Bengtsson, A. A.; Gelderman, K.A.; Dahlback, B.; Sturfelt, G.; Blom, A.M. 
C4b-binding protein and factor H compensate for the loss of membrane-bound complement 
inhibitors to protect apoptotic cells against excessive complement attack. J. Biol. Chem. 2007, 

282, 28540-28548. 

46. Leffler, J.; Herbert, A.P.; Norstrom, E.; Schmidt, C.Q.; Barlow, P.N.; Blom, A.M.; Martin, M. 
Annexin-II, DNA, and histones serve as factor H ligands on the surface of apoptotic cells. /. Biol. 
Chem. 2010, 285, 3766-3776. 

47. Sjoberg, A.; Onnerfjord, P.; Morgelin, M.; Heinegard, D.; Blom, A.M. The extracellular matrix 
and inflammation: Fibromodulin activates the classical pathway of complement by directly 
binding Clq. /. Biol. Chem. 2005, 280, 32301-32308. 

48. Sjoberg, A.P.; Trouw, L.A.; Clark, S.J.; Sjolander, J.; Heinegard, D.; Sim, R.B.; Day, A.J.; 
Blom, A.M. The factor H variant associated with age-related macular degeneration (His-384) and 
the non-disease-associated form bind differentially to C-reactive protein, fibromodulin, DNA, 
and necrotic cells. /. Biol. Chem. 2007, 282, 10894-10900. 

49. Sjoberg, A.; Manderson, G.A.; Morgelin, M.; Day, A.J.; Heinegard, D.; Blom, A.M. Short 
leucine-rich glycoproteins of the extracellular matrix display diverse patterns of complement 
interaction and activation. Mol. Immunol. 2009, 46, 830-839. 

50. Weismann, D.; Hartvigsen, K.; Lauer, N.; Bennett, K.L.; SchoU, H.P.; Charbel Issa, P.; 
Cano, M.; Brandstatter, H.; Tsimikas, S.; Skerka, C; et al. Complement factor H binds 
malondialdehyde epitopes and protects from oxidative stress. Nature 2011, 478, 76-81. 

51. Sjoberg, A.P.; Nystrom, S.; Hammarstrom, P.; Blom, A.M. Native, amyloid fibrils and 
beta-oUgomers of the C-terminal domain of human prion protein display differential activation of 
complement and bind Clq, factor H and C4b-binding protein directly. Mol. Immunol. 2008, 45, 
3213-3221. 

52. Pio, R.; Martinez, A.; Unsworth, E.J.; Kowalak, J.A.; Bengoechea, J. A.; Zipfel, P.P.; 
Elsasser, T.H.; Cuttitta, F. Complement factor H is a serum-binding protein for adrenomeduUin, 
and the resulting complex modulates the bioactivities of both partners. J. Biol. Chem. 2001, 276, 
12292-12300. 

53. Martinez, A.; Pio, R.; Zipfel, P.F.; Cuttitta, F. Mapping of the adrenomeduUin-binding domains 
in human complement factor H. Hypertens. Res. 2003, 26, Suppl:S55-Suppl:S59. 

54. Wu, J.; Wu, Y.Q.; Ricklin, D.; Janssen, B.J.; Lambris, J.D.; Gros, P. Structure of complement 
fragment C3b-factor H and implications for host protection by complement regulators. Nat. 
Immunol. 2009, 10, 728-733. 



Biomolecules 2012, 2 



67 



55. Kajander, T.; Lehtinen, M.J.; Hyvarinen, S.; Bhattacharjee, A.; Leung, E.; Isenman, D.E.; Men, S.; 
Goldman, A.; Jokiranta, T.S. Dual interaction of factor H with C3d and glycosaminoglycans in 
host-nonhost discrimination by complement. Proc. Natl. Acad. Sci. USA 2011, 108, 2897-2902. 

56. Morgan, H.P.; Schmidt, C.Q.; Guariento, M.; Blaum, B.S.; Gillespie, D.; Herbert, A.P.; 
Kavanagh, D.; Mertens, H.D.; Svergun, D.I.; Johansson, CM.; et al. Structural basis for 
engagement by complement factor H of C3b on a self surface. Nat. Struct. Mol. Biol. 2011, 18, 
463^70. 

57. Blackmore, T.K.; Sadlon, T.A.; Ward, H.M.; Lublin, D.M.; Gordon, D.L. Identification of a 
heparin binding domain in the seventh short consensus repeat of complement factor H. 
J. Immunol. 1996, 157, 5422-5427. 

58. Blackmore, T.K.; Hellwage, J.; Sadlon, T.A.; Higgs, N.; Zipfel, P.P.; Ward, H.M.; Gordon, D.L. 
Identification of the second heparin-binding domain in human complement factor H. /. Immunol. 
1998, 160, 3342-3348. 

59. Pangbum, M.K.; Atkinson, M.A.; Men, S. Localization of the heparin-binding site on 
complement factor H. J. Biol. Chem. 1991, 266, 16847-16853. 

60. Nauta, A.J.; Daha, M.R.; van Kooten, C; Roos, A. Recognition and clearance of apoptotic cells: 
A role for complement and pentraxins. Trends Immunol. 2003, 24, 148-154. 

61. Bottazzi, B.; Doni, A.; Garlanda, C; Mantovani, A. An integrated view of humoral innate 
immunity: Pentraxins as a paradigm. Annu. Rev. Immunol. 2010, 28, 157-183. 

62. Deban, L.; Jaillon, S.; Garlanda, C.; Bottazzi, B.; Mantovani, A. Pentraxins in innate immunity: 
Lessons from PTX3. Cell Tissue Res. 2011, 343, 237-249. 

63. Pepys, M.B.; Hirschfield, G.M. C-reactive protein: A critical update. J. Clin. Invest. 2003, 111, 
1805-1812. 

64. Black, S.; Kushner, I.; Samols, D. C-reactive Protein. J. Biol. Chem. 2004, 279, 48487^8490. 

65. Volanakis, I.E.; Kaplan, M.H. Interaction of C-reactive protein complexes with the complement 
system. II. Consumption of guinea pig complement by CRP complexes: Requirement for human 
Clq. /. Immunol. 1974, 113, 9-17. 

66. Ng, P.M.; Le Saux, A.; Lee, CM.; Tan, N.S.; Lu, J.; Thiel, S.; Ho, B.; Ding, J.L. C-reactive 
protein collaborates with plasma lectins to boost immune response against bacteria. EMBO J. 
2007, 26, 3431-3440. 

67. Lu, J.; Marnell, L.L.; Marjon, K.D.; Mold, C; Du Clos, T.W.; Sun, P.D. Structural recognition 
and functional activation of FcgammaR by innate pentraxins. Nature 2008, 456, 989-992. 

68. Mihlan, M.; Hebecker, M.; Dahse, H.M.; Halbich, S.; Huber-Lang, M.; Dahse, R.; Zipfel, P.P.; 
Jozsi, M. Human complement factor H-related protein 4 binds and recruits native pentameric 
C-reactive protein to necrotic cells. Mol. Immunol. 2009, 46, 335-344. 

69. Hammond, D.J., Jr.; Singh, S.K.; Thompson, J. A.; Beeler, B.W.; Rusinol, A.E.; Pangbum, M.K.; 
Potempa, L.A.; Agrawal, A. Identification of acidic pH-dependent ligands of pentameric 
C-reactive protein. /. Biol. Chem. 2010, 285, 36235-36244. 

70. Ji, S.R.; Wu, Y.; Zhu, L.; Potempa, L.A.; Sheng, F.L.; Lu, W.; Zhao, J. Cell membranes and 
liposomes dissociate C-reactive protein (CRP) to form a new, biologically active structural 
intermediate: mCRP(m). FASEB J. 2007, 21, 1%A^19A. 



Biomolecules 2012, 2 



68 



71. Lauer, N.; Mihlan, M.; Hartmann, A.; Schlotzer-Schrehardt, U.; Keilhauer, C; SchoU, H.P.; 
Charbel Issa, P.; Holz, F.; Weber, B.H.; Skerka, C; Zipfel, P.F. Complement regulation at 
necrotic cell lesions is impaired by the age-related macular degeneration-associated factor-H 
ffis402 risk variant. J. Immunol. 2011, 187, 4374^383. 

72. Mold, C; Gewurz, H.; Du Clos, T.W. Regulation of complement activation by C-reactive 
protein. Immunopharmacology 1999, 42, 23-30. 

73. Biro, A.; Rovo, Z.; Papp, D.; Cervenak, L.; Varga, L.; Fiist, G.; Thielens, N.M.; Arlaud, G.J.; 
Prohaszka, Z. Studies on the interactions between C-reactive protein and complement proteins. 
Immunology 2007, 121, 40-50. 

74. Hakobyan, S.; Harris, C.L.; van den Berg, C.W.; Femandez-Alonso, M.C.; Goicoechea de Jorge, E.; 
Rodriguez de Cordoba, S.; Rivas, G.; Mangione, P.; Pepys, M.B.; Morgan, B.P. Complement 
factor H binds to denatured rather than to native pentameric C-reactive protein. /. Biol. Chem. 
2008, 283, 30451-30460. 

75. Nauta, A.J.; Bottazzi, B.; Mantovani, A.; Salvatori, G.; Kishore, U.; Schwaeble, W.J.; Gingras, A.R.; 
Tzima, S.; Vivanco, F.; Egido, J.; et at. Biochemical and functional characterization of the 
interaction between pentraxin 3 and Clq. Eur. J. Immunol. 2003, 33, 465-473. 

76. Ma, Y.J.; Doni, A.; Skjoedt, M.O.; Honore, C; Arendrup, M.; Mantovani, A.; Garred, P. 
Heterocomplexes of mannose-binding lectin and the pentraxins PTX3 or serum amyloid P 
component trigger cross-activation of the complement system. J. Biol. Chem. 2011, 286, 3405-3417. 

77. Gout, E.; Moriscot, C; Doni, A.; Dumestre-Perard, C; Lacroix, M.; Perard, J.; Schoehn, G.; 
Mantovani, A.; Arlaud, G.J.; Thielens, N.M. M-ficolin interacts with the long pentraxin PTX3: A 
novel case of cross-talk between soluble pattern-recognition molecules. /. Immunol. 2011, 186, 
5815-5822. 

78. Ma, Y.J.; Doni, A.; Hummelsh0j, T.; Honore, C; Bastone, A.; Mantovani, A.; Thielens, N.M.; 
Garred, P. Synergy between ficolin-2 and pentraxin 3 boosts innate immune recognition and 
complement deposition. J. Biol. Chem. 2009, 284, 28263-28275. 

79. Braunschweig, A.; Jozsi, M. Human pentraxin 3 binds to the complement regulator C4b-binding 
protein. PLoS One 2011, 6, e23991. 

80. Braunschweig, A.; Jozsi, M. Interaction of the long pentraxin PTX3 with soluble complement 
inhibitors. Mol. Immunol. 2010, 47, 2234-2235. 

81. Braunschweig, A.; Strobel, S.; Jozsi M. Impaired binding of factor H to pentraxin 3 due to factor 
H mutations and autoantibodies associated with atypical hemolytic uremic syndrome. Mol. 
Immunol. 2011, 48, 1722. 

82. Clark, S.J.; Perveen, R.; Hakobyan, S.; Morgan, B.P.; Sim, R.B.; Bishop, P.N.; Day, A.J. 
Impaired binding of the age-related macular degeneration- associated complement factor H 402H 
allotype to Bruch's membrane in human retina. /. Biol. Chem. 2010, 285, 30192-30202. 

83. Didangelos, A.; Yin, X.; Mandal, K.; Baumert, M.; Jahangiri, M.; Mayr, M. Proteomics 
characterization of extracellular space components in the human aorta. Mol. Cell. Proteomics 
2010, 9, 2048-2062. 

84. Skerka, C; Lauer, N.; Weinberger, A. A.; Keilhauer, C.N.; Suhnel, J.; Smith, R.; 
Schlotzer-Schrehardt, U.; Fritsche, L.; Heinen, S.; Hartmann, A.; et al. Defective complement 



Biomolecules 2012, 2 



69 



control of factor H (Y402H) and FHL-1 in age-related macular degeneration. Mol. Immunol. 
2007, 44, 3398-3406. 

85. Friese, M.A.; Hellwage, J.; Jokiranta, T.S.; Meri, S.; Peter, H.H.; Eibel, H.; Zipfel, P.P. 
FHL-l/reconectin and factor H: Two human complement regulators which are encoded by the 
same gene are differently expressed and regulated. Mol. Immunol. 1999, 36, 809-818. 

86. Hellwage, J.; Kiihn, S.; Zipfel, P.P. The human complement regulatory factor-H-like protein 1, 
which represents a truncated form of factor H, displays cell-attachment activity. Biochem. 
J. 1997, 326, 321-327. 

87. Heinen, S.; Hartmann, A.; Lauer, N.; Wiehl, U.; Dahse, H.M.; Schirmer, S.; Gropp, K.; 
Enghardt, T.; Wallich, R.; Halbich, S.; et al. Pactor H-related protein 1 (CPHR-1) inhibits 
complement C5 convertase activity and terminal complex formation. Blood 2009, 114, 2439-2447. 

88. Losse, J.; Zipfel, P.P.; Jozsi, M. Pactor H and factor H-related protein 1 bind to human 
neutrophils via complement receptor 3, mediate attachment to Candida albicans, and enhance 
neutrophil antimicrobial activity. J. Immunol. 2010, 184, 912-921. 

89. Charbel Issa, P.; Chong, N.V.; SchoU, H.P. The significance of the complement system for the 
pathogenesis of age-related macular degeneration - current evidence and translation into clinical 
application. Graefes Arch. Clin. Exp. Ophthalmol. 2011, 249, 163-174. 

90. Haines, J.L.; Hauser, M.A.; Schmidt, S.; Scott, W.K.; Olson, L.M.; Gallins, P.; Spencer, K.L.; 
Kwan, S.Y.; Noureddine, M.; Gilbert, J.R.; et al. Complement factor H variant increases the risk 
of age-related macular degeneration. Science 2005, 308, 419^21. 

91. Edwards, A.O.; Ritter, R., 3rd.; Abel, K.J.; Manning, A.; Panhuysen, C.; Parrer, L.A. Complement 
factor H polymorphism and age-related macular degeneration. Science 2005, 308, 421^24. 

92. Klein, R.J.; Zeiss, C; Chew, E.Y.; Tsai, J.Y.; Sackler, R.S.; Haynes, C; Henning, A.K.; 
SanGiovanni, J.P.; Mane, S.M.; Mayne, S.T.; et al. Complement factor H polymorphism in 
age-related macular degeneration. Science 2005, 308, 385-389. 

93. Hageman, G.S.; Anderson, D.H.; Johnson, L.V.; Hancox, L.S.; Taiber, A.J.; Hardisty, L.I.; 
Hageman, J.L.; Stockman, H.A.; Borchardt, J.D.; Gehrs, K.M.; et al. A common haplotype in the 
complement regulatory gene factor H (HPl/CPH) predisposes individuals to age-related macular 
degeneration. Proc. Natl. Acad. Sci. USA 2005, 102, 7227-7232. 

94. Hughes, A.E.; Orr, N.; Esfandiary, H.; Diaz-Torres, M.; Goodship, T.; Chakravarthy, U. A 
common CPH haplotype, with deletion of CPHRl and CPHR3, is associated with lower risk of 
age-related macular degeneration. A^at Genet. 2006, 38, 1173-1177. 

95. Laine, M.; Jarva, H.; Seitsonen, S.; Haapasalo, K.; Lehtinen, M.J.; Lindeman, N.; Anderson, D.H.; 
Johnson, P.T.; Jarvela, I.; Jokiranta, T.S.; et al. Y402H polymorphism of complement factor H 
affects binding affinity to C-reactive protein. J. Immunol. 2007, 178, 3831-3836. 

96. Yu, J.; Wiita, P.; Kawaguchi, R.; Honda, J.; Jorgensen, A.; Zhang, K.; Pischetti, V.A.; Sun, H. 
Biochemical analysis of a common human polymorphism associated with age-related macular 
degeneration. Biochemistry 2007, 46, 8451-8461. 

97. Herbert, A.P.; Deakin, J.A.; Schmidt, C.Q.; Blaum, B.S.; Egan, C; Perreira, V.P.; 
Pangbum, M.K.; Lyon, M.; Uhrm, D.; Barlow, P.N. Structure shows that a glycosaminoglycan 
and protein recognition site in factor H is perturbed by age-related macular degeneration-linked 
single nucleotide polymorphism. /. Biol. Chem. 2007, 282, 18960-18968. 



Biomolecules 2012, 2 



70 



98. Ormsby, R.J.; Ranganathan, S.; Tong, J.C.; Griggs, K.M.; Dimasi, D.P.; Hewitt, A.W.; 
Burdon, K.P.; Craig, J.E.; Hoh, J.; Gordon, D.L. Functional and structural implications of the 
complement factor H Y402H polymorphism associated with age-related macular degeneration. 
Invest. Ophthalmol. Vis. Sci. 2008, 49, 1763-1770. 

99. Clark, S.J.; ffigman, V.A.; MuUoy, B.; Perkins, S.J.; Lea, S.M.; Sim, R.B.; Day, A.J. ffis-384 
allotypic variant of factor H associated with age-related macular degeneration has different 
heparin binding properties from the non-disease-associated form. J. Biol. Chem. 2006, 281, 
lAlU-lAllQ. 

100. Prosser, B.E.; Johnson, S.; Roversi, P.; Herbert, A.P.; Blaum, B.S.; Tyrrell, J.; Jowitt, T.A.; 
Clark, S.J.; Tarelli, E.; Uhrin, D.; et al. Structural basis for complement factor H linked 

age-related macular degeneration. Exp. Med. 2007, 204, 2277-2283. 

101. Raychaudhuri, S.; lartchouk, O.; Chin, K.; Tan, P.L.; Tai, A.K.; Ripke, S.; Gowrisankar, S.; 
Vemuri, S.; Montgomery, K.; Yu, Y.; et al. A rare penetrant mutation in CFH confers high risk 
of age-related macular degeneration. Nat. Genet. 2011, 43, 1232-1236. 

102. Manuelian, T.; Hellwage, J.; Meri, S.; Caprioli, J.; Noris, M.; Heinen, S.; Jozsi, M.; 
Neumann, H.P.; Remuzzi, G.; Zipfel, P.P. Mutations in factor H reduce binding affinity to C3b 
and heparin and surface attachment to endothelial cells in hemolytic uremic syndrome. J. Clin. 
Invest. 2003, 111, 1181-1190. 

103. Heurich, M.; Martmez-Barricarte, R.; Francis, N.J.; Roberts, D.L.; Rodriguez de Cordoba, S.; 
Morgan, B.P.; Harris, C.L. Common polymorphisms in C3, factor B, and factor H collaborate to 
determine systemic complement activity and disease risk. Proc. Natl. Acad. Sci. USA 2011, 108, 
8761-8766. 

104. Haapasalo, K.; Jarva, H.; Siljander, T.; Tewodros, W.; Vuopio-Varkila, J.; Jokiranta, T.S. 
Complement factor H allotype 402H is associated with increased C3b opsonization and 
phagocytosis of Streptococcus pyogenes. Mol. Microbiol. 2008, 70, 583-594. 

105. Haapasalo, K.; Vuopio, J.; Syrjanen, J.; Suvilehto, J.; Massinen, S.; Karppelin, M.; Jarvela, I.; 
Meri, S.; Kere, J.; Jokiranta, T.S. Acquisition of complement factor H is important for 
pathogenesis of streptococcus pyogenes infections: Evidence from bacterial in vitro survival and 
human genetic association. J. Immunol. 2012, 188, 426-435. 

106. Dhillon, B.; Wright, A.F.; Tufail, A.; Pappworth, I.; Hay ward, C; Moore, I.; Strain, L.; 
Kavanagh, D.; Barlow, P.N.; Herbert, A.P.; et al. Complement factor H autoantibodies and 
age-related macular degeneration. Invest. Ophthalmol. Vis. Sci. 2010, 51, 5858-5863. 

107. Noris, M.; Remuzzi, G. Atypical hemolytic -uremic syndrome. A^. Engl. J. Med. 2009, 361, 
1676-1687. 

108. Loirat, C; Fremeaux-Bacchi, V. Atypical hemolytic uremic syndrome. Orphanet J. Rare Dis. 
2011, 6, 60. 

109. Saunders, R.E.; Abarrategui-Garrido, C; Fremeaux-Bacchi, V.; Goicoechea de Jorge, E.; 
Goodship, T.H.; Lopez Trascasa, M.; Noris, M.; Ponce Castro, I.M.; Remuzzi, G.; Rodriguez de 
Cordoba, S.; et al. The interactive Factor H-atypical hemolytic uremic syndrome mutation 
database and website: Update and integration of membrane cof actor protein and Factor I 
mutations with structural models. Hum. Mutat. 2007, 28, 1H-12>A. 



Biomolecules 2012, 2 



71 



110. Sanchez-Corral, P.; Perez-Caballero, D.; Huarte, O.; Simckes, A.M.; Goicoechea, E.; 
Lopez-Trascasa, M.; Rodriguez de Cordoba, S. Structural and functional characterization of 
factor H mutations associated with atypical hemolytic uremic syndrome. Am. J. Hum. Genet. 
2002, 71, 1285-1295. 

111. Jozsi, M.; Heinen, S.; Hartmann, A.; Ostrowicz, C.W.; Halbich, S.; Richter, H.; Kunert, A.; 
Licht, C; Saunders, R.E.; Perkins, S.J.; et al. Factor H and atypical hemolytic uremic syndrome: 
Mutations in the C-terminus cause structural changes and defective recognition functions. J. Am. 
Soc. Nephrol. 2006, 17, 170-177. 

112. Heinen, S.; Sanchez-Corral, P.; Jackson, M.S.; Strain, L.; Goodship, J.A.; Kemp, E.J.; Skerka, C; 
Jokiranta, T.S.; Meyers, K.; Wagner, E.; et al. De novo gene conversion in the RCA gene cluster 
(lq32) causes mutations in complement factor H associated with atypical hemolytic uremic 
syndrome. Hum. Mutat. 2006, 27, 292-293. 

113. Venables, J.P.; Strain, L.; Routledge, D.; Bourn, D.; Powell, H.M.; Warwicker, P.; 
Diaz-Torres, M.L.; Sampson, A.; Mead, P.; Webb, M.; et al. Atypical haemolytic uraemic 
syndrome associated with a hybrid complement gene. PLoS Med. 2006, 3, e431. 

114. Francis, N.J.; McNicholas, B.; Awan, A.; Waldron, M.; Reddan, D.; Sadlier, D.; Kavanagh, D.; 
Strain, L.; Marchbank, K.J.; Harris, C.L.; Goodship, T.H. A novel hybrid CFH/CFHR3 gene 
generated by a microhomology-mediated deletion in familial atypical hemolytic uremic 
syndrome. Blood 2012, 119, 591-601. 

115. Dragon-Durey, M.A.; Loirat, C; Cloarec, S.; Macher, M.A.; Blouin, J.; Nivet, H.; Weiss, L.; 
Fridman, W.H.; Fremeaux-Bacchi, V. Anti -Factor H autoantibodies associated with atypical 
hemolytic uremic syndrome. J. Am. Soc. Nephrol. 2005, 16, 555-563. 

116. Jozsi, M.; Licht, C; Strobel, S.; Zipfel, S.L.; Richter, H.; Heinen, S.; Zipfel, P.F.; Skerka, C. 
Factor H autoantibodies in atypical hemolytic uremic syndrome correlate with CFHR1/CFHR3 
deficiency. Blood 2008, 111, 1512-1514. 

117. Dragon-Durey, M.A.; Blanc, C; Marliot, F.; Loirat, C; Blouin, J.; Sautes-Fridman, C; 
Fridman, W.H.; Fremeaux-Bacchi, V. The high frequency of complement factor H related 
CFHRl gene deletion is restricted to specific subgroups of patients with atypical haemolytic 
uraemic syndrome. /. Med. Genet. 2009, 46, 447-450. 

118. Abarrategui-Garrido, C; Martmez-Barricarte, R.; Lopez-Trascasa, M.; Rodriguez de Cordoba, S.; 
Sanchez-Corral, P. Characterization of complement factor H-related (CFHR) proteins in plasma 
reveals novel genetic variations of CFHRl associated with atypical hemolytic uremic syndrome. 
Blood 2009, 114, 4261-4271. 

119. Moore, L; Strain, L.; Pappworth, L; Kavanagh, D.; Barlow, P.N.; Herbert, A.P.; Schmidt, C.Q.; 
Staniforth, S.J.; Holmes, L.V.; Ward, R.; et al. Association of factor H autoantibodies with 
deletions of CFHRl, CFHR3, CFHR4, and with mutations in CFH, CFl, CD46, and C3 in 
patients with atypical hemolytic uremic syndrome. Blood 2010, 115, 379-387. 

120. Jozsi, M.; Strobel, S.; Dahse, H.M.; Liu, W.S.; Hoyer, P.F.; Oppermann, M.; Skerka, C; 
Zipfel, P.F. Anti factor H autoantibodies block C-terminal recognition function of factor H in 
hemolytic uremic syndrome. Blood 2007, 110, 1516-1518. 



Biomolecules 2012, 2 



72 



121. Strobel, S.; Abarrategui-Garrido, C; Fariza-Requejo, E.; Seeberger, H.; Sanchez-Corral, P.; 
Jozsi, M. Factor H-related protein 1 neutralizes anti-factor H autoantibodies in autoimmune 
hemolytic uremic syndrome. Kidney Int. 2011, 80, 397^04. 

122. Strobel, S.; Hoyer, P.P.; Mache, C.J.; Sulyok, E.; Liu, W.S.; Richter, H.; Oppermann, M.; 
Zipfel, P.P.; Jozsi, M. Functional analyses indicate a pathogenic role of factor H autoantibodies 
in atypical haemolytic uraemic syndrome. Nephrol. Dial. Transplant. 2010, 25, 136-144. 

123. Tortajada, A.; Pinto, S.; Martmez-Ara, J.; Lopez-Trascasa, M.; Sanchez-Corral, P.; 
Rodriguez de Cordoba, S. Complement factor H variants 1890 and LI 007 while commonly 
associated with atypical hemolytic uremic sjaidrome are polymorphisms with no functional 
significance. Kidney Int. 2012, 81, 56-63. 

124. Smith, R.J.; Alexander, J.; Barlow, P.N.; Botto, M.; Cassavant, T.L.; Cook, H.T.; Rodriguez de 
Cordoba, S.; Hageman, G.S.; Jokiranta, T.S.; Kimberling, W.J.; et at. New approaches to the 
treatment of dense deposit disease. J. Am. Soc. Nephrol. 2007, 18, lAAl-lASb. 

125. Licht, C; Fremeaux-Bacchi, V. Hereditary and acquired complement dysregulation in 
membranoproliferative glomerulonephritis. Thromb. Haemost. 2009, 101, 271-278. 

126. Dragon-Durey, M.A.; Fremeaux-Bacchi, V.; Loirat, C; Blouin, J.; Niaudet, P.; Deschenes, G.; 
Coppo, P.; Herman Fridman, W.; Weiss, L. Heterozygous and homozygous factor H deficiencies 
associated with hemolytic uremic syndrome or membranoproliferative glomerulonephritis: 
Report and genetic analysis of 16 cases. J. Am. Soc. Nephrol. 2004, 15, 787-795. 

127. Ault, B.H.; Schmidt, B.Z.; Fowler, N.L.; Kashtan, C.E.; Ahmed, A.E.; Vogt, B.A.; Colten, H.R. 
Human factor H deficiency. Mutations in framework cysteine residues and block in H protein 
secretion and intracellular catabolism. /. Biol. Chem. 1997, 272, 25168-25175. 

128. Montes, T.; Goicoechea de Jorge, E.; Ramos, R.; Goma, M.; Pujol, O.; Sanchez-Corral, P.; 
Rodriguez de Cordoba, S. Genetic deficiency of complement factor H in a patient with 
age-related macular degeneration and membranoproliferative glomerulonephritis. Mol. Immunol. 
2008, 45, 2897-2904. 

129. Licht, C; Heinen, S.; Jozsi, M.; Loschmann, I.; Saunders, R.E.; Perkins, S.J.; Waldherr, R.; 
Skerka, C; Kirschfink, M.; Hoppe, B.; Zipfel, P.F. Deletion of Lys224 in regulatory domain 4 of 
Factor H reveals a novel pathomechanism for dense deposit disease (MPGN II). Kidney Int. 
2006, 70, 42-50. 

130. Meri, S.; Koistinen, V.; Miettinen, A.; Tornroth, T.; Seppala, I.J. Activation of the alternative 
pathway of complement by monoclonal lambda light chains in membranoproliferative 
glomerulonephritis. /. Exp. Med. 1992, 175, 939-950. 

131. Jokiranta, T.S.; Solomon, A.; Pangbum, M.K.; Zipfel, P.F.; Meri, S. Nephritogenic lambda light 
chain dimer: A unique human miniautoantibody against complement factor H. J. Immunol. 1999, 
163, 4590-4596. 

132. Schneider, M.C.; Prosser, B.E.; Caesar, J.J.; Kugelberg, E.; Li, S.; Zhang, Q.; Quoraishi, S.; 
Lovett, J.E.; Deane, J.E.; Sim, R.B.; et al. Neisseria meningitidis recruits factor H using protein 
mimicry of host carbohydrates. Nature 2009, 458, 890-893. 

133. Jurianz, K.; Ziegler, S.; Garcia-Schiiler, H.; Kraus, S.; Bohana-Kashtan, O.; Fishelson, Z.; 
Kirschfink, M. Complement resistance of tumor cells: Basal and induced mechanisms. 
Mol. Immunol. 1999, 36, 929-939. 



Biomolecules 2012, 2 



73 



134. Gasque, P.; Thomas, A.; Fontaine, M.; Morgan, B.P. Complement activation on human 
neuroblastoma cell lines in vitro: Route of activation and expression of functional complement 
regulatory proteins. J. Neuroimmunol. 1996, 66, 29^0. 

135. Junnikkala, S.; Jokiranta, T.S.; Friese, M.A.; Jarva, H.; Zipfel, P.F.; Meri, S. Exceptional 
resistance of human H2 glioblastoma cells to complement-mediated killing by expression and 
utilization of factor H and factor H-like protein 1. J. Immunol. 2000, 164, 6075-6081. 

136. Junnikkala, S.; Hakulinen, J.; Jarva, H.; Manuelian, T.; Bj0rge, L.; Butzow, R.; Zipfel, P.F.; 
Meri, S. Secretion of soluble complement inhibitors factor H and factor H-like protein (FHL-1) 
by ovarian tumour cells. Br. J. Cancer 2002, 87, 1 1 19-1 127. 

137. Ajona, D.; Castano, Z.; Garayoa, M.; Zudaire, E.; Pajares, M.J.; Martinez, A.; Cuttitta, F.; 
Montuenga, L.M.; Pio, R. Expression of complement factor H by lung cancer cells: Effects on 
the activation of the alternative pathway of complement. Cancer Res. 2004, 64, 6310-6318. 

138. Wilczek, E.; Rzepko, R.; Nowis, D.; Legat, M.; Golab, J.; Glab, M.; Gorlewicz, A.; Konopacki, F.; 
Mazurkiewicz, M.; Sladowski, D.; et al. The possible role of factor H in colon cancer resistance 
to complement attack. Int. J. Cancer 2008, 122, 2030-2037. 

139. Cheng, Z.Z.; Corey, M.J.; Parepalo, M.; Majno, S.; Hellwage, J.; Zipfel, P.F.; Kinders, R.J.; 
Raitanen, M.; Meri, S.; Jokiranta, T.S. Complement factor H as a marker for detection of bladder 
cancer. Clin. Chem. 2005, 51, 856-863. 

140. Cui, T.; Chen, Y.; Knosel, T.; Yang, L.; ZoUer, K.; Galler, K.; Berndt, A.; Mihlan, M.; 
Zipfel, P.F.; Petersen, I. Human complement factor H is a novel diagnostic marker for lung 
adenocarcinoma. Int. J. Oncol. 2011, 39, 161-168. 

141. Fedarko, N.S.; Fohr, B.; Robey, P.G.; Young, M.F.; Fisher, L.W. Factor H binding to bone 
sialoprotein and osteopontin enables tumor cell evasion of complement-mediated attack. /. Biol. 
Chem. 2000, 275, 16666-16672. 

142. Amomsiripanitch, N.; Hong, S.; Campa, M.J.; Frank, M.M.; Gottlin, E.B.; Patz, E.F., Jr. 
Complement factor H autoantibodies are associated with early stage NSCLC. Clin. Cancer Res. 
2010, 16, 3226-3231. 

143. Lambris, J.D.; Dobson, N.J.; Ross, G.D. Release of endogenous C3b inactivator from 
lymphocytes in response to triggering membrane receptors for piH globulin. J. Exp. Med. 1980, 
152, 1625-1644. 

144. Hammann, K.P.; Raile, A.; Schmitt, M.; Mussel, H.H.; Peters, H.; Scheiner, O.; Dierich, M.P. 
beta IH stimulates mouse-spleen B lymphocytes as demonstrated by increased thymidine 
incorporation and formation of B cell blasts. Immunobiology 1981, 160, 289-301. 

145. Tsokos, G.C.; Inghirami, G.; Tsoukas, CD.; Balow, J.E.; Lambris, J.D. Regulation of 
immunoglobulin secretion by factor H of human complement. Immunobiology 1985, 55, 
419-426. 

146. Lambris, J.D.; Ross, G.D. Characterization of the lymphocyte membrane receptor for factor H 
(plH-globulin) with an antibody to anti-factor H idiotype. J. Exp. Med. 1982, 155, 1400-1411. 

147. Erdei, A.; Sim, R.B. Complement Factor H-binding protein of Raji cells and tonsil B 
lymphocytes. Biochem. J. 1987, 246, 149-156. 

148. Avery, V.M.; Gordon, D.L. Characterization of factor H binding to human polymorphonuclear 
leukocytes. /. Immunol. 1993, 151, 5545-5553. 



Biomolecules 2012, 2 



74 



149. DiScipio, R.G.; Daffern, P.J.; Schraufstatter, I.U.; Sriramarao, P. Human polymorphonuclear 
leukocytes adhere to complement factor H through an interaction that involves alphaMbeta2 
(CDllb/CD18). /. Immunol. 1998, 160, 4057^066. 

150. Agarwal, V.; Asmat, T.M.; Luo, S.; Jensch, I.; Zipfel, P.F.; Hammerschmidt, S. Complement 
regulator Factor H mediates a two-step uptake of Streptococcus pneumoniae by human cells. 
/. Biol. Chem. 2010, 285, 23486-23495. 

151. Agarwal, S.; Ram, S.; Ngampasutadol, J.; Gulati, S.; Zipfel, P.P.; Rice, P. A. Factor H facilitates 
adherence of Neisseria gonorrhoeae to complement receptor 3 on eukaryotic cells. J. Immunol. 
2010, 185, 4344^353. 

152. Strohmeyer, R.; Ramirez, M.; Cole, G.J.; Mueller, K.; Rogers, J. Association of factor H of the 
alternative pathway of complement with agrin and complement receptor 3 in the Alzheimer's 
disease brain. /. Neuroimmunol. 2002, 131, 135-146. 

153. Schopf, R.E.; Hammann, K.P.; Scheiner, O.; Lemmel, E.M.; Dierich, M.P. Activation of human 
monocytes by both human beta IH and C3b. Immunology 1982, 46, 307-312. 

154. Iferroudjene, D.; Schouft, M.T.; Lemercier, C; Gilbert, D.; Fontaine, M. Evidence for an active 
hydrophobic form of factor H that is able to induce secretion of interleukin 1-beta or by human 
monocytes. Eur. J. Immunol. 1991, 21, 967-972. 

155. Ohtsuka, H.; Imamura, T.; Matsushita, M.; Tanase, S.; Okada, H.; Ogawa, M.; Kambara, T. 
Thrombin generates monocyte chemotactic activity from complement factor H. Immunology 
1993, 80, 140-145. 

156. Nabil, K.; Rihn, B.; Jaurand, M.C.; Vignaud, J.M.; Ripoche, J.; Martinet, Y.; Martinet, N. 
Identification of human complement factor H as a chemotactic protein for monocytes. Biochem. J. 
1997, 326, 377-383. 

157. Hartung, H.P.; Hadding, U.; Bitter-Suermann, D.; Gemsa, D. Release of prostaglandin E and 
thromboxane from macrophages by stimulation with factor H. Clin. Exp. Immunol. 1984, 56, 
453^58. 

158. Kang, Y.H.; Urban, B.C.; Sim, R.B.; Kishore, U. Human complement Factor H modulates 
Clq-mediated phagocytosis of apoptotic cells. Immunobiology 2011, October 23, 
doi: 10. 1016/j.imbio.201 1 .10.008. 

159. Svobodova, E.; Jozsi, M. Characterization of factor H binding to monocytes. 2012, unpublished 
data. 

160. Malhotra, R.; Ward, M.; Sim, R.B.; Bird, M.l. Identification of human complement Factor H as a 
Ugand for L-selectin. Biochem. J. 1999, 341, 61-69. 

161. Vaziri-Sani, F.; Hellwage, J.; Zipfel, P.F.; Sjoholm, A.G.; lancu, R.; Karpman, D. Factor H binds 
to washed human platelets. J. Thromb. Haemost. 2005, 3, 154-162. 

162. Mnjoyan, Z.; Li, J.; Afshar-Kharghan, V. Factor H binds to platelet integrin alphallbbeta3. 
Platelets 2008, 19, 512-519. 

163. Takeda, K.; Thurman, J.M.; Tomlinson, S.; Okamoto, M.; Shiraishi, Y.; Ferreira, V.P.; Cortes, C; 
Pangbum, M.K.; Holers, V.M.; Gelfand, E.W. The Critical role of complement alternative 
pathway regulator factor H in allergen-induced airway hyperresponsiveness and inflammation. 
J. Immunol. 2012, 188, 661-667. 



Biomolecules 2012, 2 



75 



164. Schmidt, C.Q.; Slingsby, F.C.; Richards, A.; Barlow, P.N. Production of biologically active 
complement factor H in therapeutically useful quantities. Protein Expr. Purif. 2011, 76, 254—263. 

165. Buttner-Mainik, A.; Parsons, J.; Jerome, H.; Hartmann, A.; Lamer, S.; Schaaf, A.; Schlosser, A.; 
Zipfel, P.F.; Reski, R.; Decker, E.L. Production of biologically active recombinant human factor 
H in Physcomitrella. Plant Biotechnol. J. 2011, 9, 373-383. 

166. Tan, L.A.; Yang, A.C.; Kishore, U.; Sim, R.B. Interactions of complement proteins Clq and 
factor H with lipid A and Escherichia coli: Further evidence that factor H regulates the classical 
complement pathway. Protein Cell 2011, 2, 320-332. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution hcense 
(http://creativecommons.Org/licenses/by/3.0/). 



